Various electric machines can be the candidate for electric vehicles applications, including induction machines, permanent magnet synchronous machines, switched reluctance machines, etc. Another class of machine, which has been relatively ignored, is synchronous reluctance machines. In order to enhance and increase torque density of pure synchronous reluctance machines, the low cost permanent magnet can be inserted into rotor lamination to contribute torque production, which is so-called permanent magnet-assisted synchronous reluctance machines. This paper presents the design and rotor geometry analysis of low cost ferrite permanent magnet-assisted synchronous reluctance machines with transversally-laminated rotor. The advanced finite element method will be employed to calculate d -axis and q -axis inductance variation with rotor geometric parameters. The electromagnetic performance of optimized permanent magnet-assisted synchronous reluctance machines will be evaluated as well.
INTRODUCTION
Electrical vehicles or hybrid electrical vehicle has received much more attentions due to energy crisis and environment concerns [1] [2] [3] . The performance requirements for electrical vehicle (EV) traction applications include as follows: high torque and power density; high efficiency over wide torque and speed range; wide constant power speed range; high torque for starting, acceleration, and hill climbing; intermittent overload capability, extending to nearly twice rated torque for short durations; low torque ripple, vibration and noise; low volume, cost and weight [3] .
Permanent magnet synchronous machines are popular in electric vehicle traction systems due to its high torque density, high efficiency, etc [4] . However, in high speed operation range, the dominant component of stator current are demagnetization current to weaken the flux produced by stronger rare earth permanent magnet, particularly in deep flux weakening operation. Other significant challenging issues are high costs, limited resources, and unstable products supply of rare earth permanent magnet.
The synchronous reluctance machine, which differs from the switched reluctance machine, has been relatively ignored. The stator of synchronous reluctance machines is constructed from a cylindrical structure and equipped with conventional distributed winding. Hence, the several disadvantages of switched reluctance machines, such as high torque pulsation, vibration and noise, can be improved in sinusoidal-excited synchronous reluctance machines [5] . Unfortunately, the torque density and power factor of pure synchronous reluctance machines are relatively poor. The axially-laminated rotor has been proposed to enlarge saliency ratio [6] . However, the disadvantages of axially-laminated rotor include higher eddy current rotor loss because of harmonic air-gap field and relatively complicated mechanical construction. For transversally-laminated rotor, single or multi-layer flux barriers are necessary to decrease d-axis reluctance and inductance. However, the saliency ratio cannot exceed theoretical limitation because of magnetic saturation and mechanical stress consideration. On the other hand, in order to enhance and increase torque density of pure synchronous reluctance machines, the permanent magnet can be inserted into rotor lamination to contribute torque production, which is so-called permanent magnet-assisted synchronous reluctance machines (PMA-SynRM). It will be a good candidate for next generation electric vehicle traction applications [7] [8] [9] .
The d-axis and q -axis inductance play a key role in electromagnetic performance of permanent magnet-assisted synchronous reluctance machines and synchronous reluctance machines. The larger difference and ratio between d-axis and q -axis inductance are desirable in permanent magnet-assisted synchronous reluctance machines for torque capability and performance improvement. Furthermore, the significant design consideration of PMA-SynRM, which differs from conventional Interior permanent magnet machines, is to enhance reluctance torque and reduce the volume of permanent magnet by optimal electromagnetic design. This paper presents the design and rotor geometry analysis of low cost ferrite permanent magnet-assisted synchronous reluctance machines with transversally-laminated rotor. Electromagnetic torque production principle and equation will be illustrated firstly. The advanced finite element method will be used to calculate d-axis and q -axis inductance variation with rotor geometry. The electromagnetic performance of optimized PM-assisted synchronous reluctance machines will be evaluated as well. Figure 1 shows cross section of proposed permanent magnet-assisted synchronous reluctance machines. The low cost ferrite permanent magnet has been used in this machine, instead of rare earth magnet materials in conventional interior permanent magnet (IPM) synchronous machines. The definition of d-axis and q-axis position was similar to conventional IPM synchronous machines.
TORQUE PRODUCTION AND EQUATIONS
The instantaneous electromagnetic torque in sinusoidal excited permanent magnet-assisted synchronous reluctance machines can be expressed by
where p is number of pole pairs,
and q -axis current components, λ P M is flux linkage due to permanent magnet. It can be seen that the electromagnetic torque can be separated into two terms. The first term is reluctance torque, which determined by i d , i q and inductance difference of d-axis and q -axis inductance. The second term is magnet torque, which is proportional to the product of i q and λ P M [4] . T rel is the reluctance torque component, T P M is the magnet torque component. γ is current vector angle with q -axis. For pure synchronous reluctance machine, which has no magnet torque contribution, the electromagnetic torque can be simplified an expressed by Power factor is another significant performance parameter in pure synchronous reluctance machines and the maximum value of power factor can be expressed by [6, 10] 
where k sr is saliency ratio, which can be defined as
It should be pointed out that from the torque and power factor equation, the d-axis and q -axis inductance play an important role in performance of both pure synchronous reluctance machines and permanent magnetassisted synchronous reluctance machines. Furthermore, one of the most significant design criteria in synchronous reluctance and permanent magnet-assisted synchronous reluctance machine is to increase inductance difference and ratio by rotor design optimization. Therefore, the influence of rotor geometric parameters on synchronous inductance variation should be investigated for torque density and performance improvement.
ROTOR GEOMETRY ANALYSIS
The finite element method will be employed to calculate d-axis and q -axis inductance of permanent magnetassisted synchronous reluctance machines in this section. Impact of significant rotor geometric parameters on inductance variation will be investigated as well. Figure 2 shows rotor lamination of proposed PMA-SynRM. Figure 3 shows the flux line distribution when current vector oriented with d-axis and q -axis. In order to observe the armature reaction field clearly, the permanent magnet in rotor has been removed. Due to reluctance difference, the q -axis inductance will be larger than d-axis inductance, which is similar with conventional interior permanent magnet synchronous machines. Figure 4 shows d-axis and q -axis variation with rib width. As can be seen that d-axis inductance decrease when rib width changed from 2 mm to 0 mm. Hence, inductance difference, saliency ratio and associated average reluctance torque will increase. However, form construction and mechanical stress point of view, rib width has to meet the requirement of mechanical limitation, particularly for high speed operation. In order to investigate the luctance torque contribution will increase. However, the flux barriers length cannot exceed a limitation because of q -axis flux saturation effect.
PROPOSED PMA-SYNRM
Main parameters and key dimensions of proposed PM-assisted synchronous reluctance machines have been shown in Table 1 . The electromagnetic performance will be evaluated by finite element method in this section, including open circuit flux linkage, back-EMF, cogging torque and electromagnetic torque capability. Figure 6 shows 2D FE-predicted open circuit flux line distribution due to ferrite permanent magnet excitation only. The four poles symmetric flux distribution has been shown in this figure. Figures 7 and 8 show open circuit phase flux linkage, phase back-EMF and associated spectra analysis, respectively. It can be seen that back-EMF waveform consists of third and fifth harmonics component. The harmonics components can be eliminated effectively by winding arrangement optimization. Figure 9 shows the FE-predicted cogging torque. Cogging torque results from the interaction between permanent magnet and stator slot. It has no contributions for average electromagnetic torque and will increase vibration, noise, and torque ripple, particularly in low speed region. Therefore, some methods, such as skewed slot or magnet, are used to reduce cogging torque in permanent magnet machines [11] [12] [13] [14] . Fortunately, the cogging torque of ferrite PM-assisted synchronous reluctance machine is inherent low due to relatively lower airgap flux density, compared to conventional rare earth interior permanent magnet synchronous machines. Figure 10 shows electromagnetic torque as a function with q -axis current. Figure 11 shows electromagnetic torque as function with current vector angle. The important design goal of PM-assisted synchronous reluctance machine is to increase reluctance torque and reduce the use of permanent magnet. The reluctance torque can be enhanced by increase the inductance difference of d-axis and q -axis magnetic path. Another issue is torque ripple. It can be reduced by rotor flux barriers optimization. Figure 12 shows the separation of permanent magnet torque and reluctance torque components. It can be seen that the reluctance torque was dominant in total average electromagnetic torque, which differs from conventional rare-earth permanent magnet excited synchronous machines. The torque capability can be enhanced by additional inserted ferrite magnets in rotor lamination, and the power factor willbe improved as well. From Fig. 13 , which shows the ratio of reluctance torque and permanent magnet torque component in total average torque, the reluctance torque ratio can reach 35 % to 25 % when current vector angel changed from 30 to 80 degrees. Therefore, the design criteria of PM-assisted synchronous reluctance machines are to maximize the saliency ratio and associated reluctance by optimized design.
CONCLUSION
Design and rotor geometry analysis of permanent magnet-assisted synchronous reluctance machines us-ing low cost ferrite magnets for electric vehicles propulsion has been presented in this paper. The finite element method has been used to calculate inductance with different variation of rotor geometric parameters. The electromagnetic performance of proposed permanent magnet-assisted synchronous reluctance machines, including open-circuit flux linkage, back-EMF, cogging torque, electromagnetic torque capability, have been evaluated as well. From the calculated results presented in this paper, the torque density and other electromagnetic performance can be improved by effective rotor design optimization. The further research results and experimental verification will be presented in the future papers.
